ABSTRACT The present study investigated the cellular localization of 3 catecholamine biosynthetic enzymes, tyrosine hydroxylase (TH), dopamine β-hydroxylase (DBH), and phenylethanolamine N-methyltransferase (PNMT) to identify and analyze the localization of norepinephrine (NE) and epinephrine (E) cells in the adrenal gland in the chicken using peroxidase-antiperoxidase immunohistochemical techniques. Tyrosine hydroxylase immunoreactivity (IR) was observed in almost all adrenal medullary cells of the adult chicken. Dopamine β-hydroxylase IR coincided with that of TH. Many medullary cells also exhibited PNMT IR, but PNMT-immunonegative cells were also observed. Tyrosine hydroxylase IR was localized in the E-and NEcontaining cells, but PNMT IR was localized only in the E-containing cells. Approximately 69% of medullary cells were E-containing, and the remaining were NE-containing cells. The ratio of E-and NE-containing cells between the subcapsular and central zone was statistically significant (P < 0.01). Although cortical cells of the adrenal gland did not show TH-, DBH-, or PNMT-positive reactions, ganglia close to the adrenal gland showed TH, DBH, and PNMT immunoreactivities. These findings indicated the cellular localization of 3 catecholamine-biosynthesizing enzymes in chicken adrenal medulla and suggest that the majority of medullary cell are E-containing cells. The ratio of E cells to NE cells varies among the 3 zones in the adrenal glands of the chicken.
INTRODUCTION
In avian adrenal glands, unlike that of mammals, the cortical and medullary tissues are intermingled throughout the gland. The adrenal gland in the chicken consists of 3 regions: subcapsular layer, peripheral zone, and central zone (Hodges, 1974) . The subcapsular layer corresponds to medullary cells immediately below the capsule. The peripheral and central zones can be distinguished by the cellular arrangement. Several immunohistochemical studies have examined adrenal medullary cells in several species of mammals. Two distinct types of adrenal medullary cells are related to production of norepinephrine (NE) and epinephrine (E) in birds as well as in mammals (Eränkö, 1957; Ghosh, 1977) . Naturally occurring catecholamines include NE, E, and dopamine. The main secretory products of the adrenal medulla are E and NE. Physiological actions of the catecholamines are diverse. Norepinephrine functions primarily as a neurotransmitter. Both NE and E influence the vascular system, whereas E affects metabolic processes such as carbohydrate metabolism. To distinguish E and NE cells in the medullary tissue, recent studies in birds have used immunohistochemical techniques employing antibodies against catecholamine-biosynthesizing enzymes (Rome and Bell, 1984; Ohmori et al., 1997) . Norepinephrine is derived from common chemical precursor substances, and E is synthesized from NE. The consecutive steps of the main biosynthetic pathway of NE and E that can be visualized by immunohistochemistry using specific antibodies to tyrosine hydroxylase (TH), aromatic amino acid decarboxylase (or 3,4-dihydroxyphenylalanine decarboxylase), dopamine β-hydroxylase (DBH), and phenylethanolamine N-methyltransferase (PNMT) Goldstein et al., 1971; Hartman, 1973; Hökfelt et al., 1973; Nagatsu and Kondo, 1974; Redick et al., 1974; Grzanna and Coyle, 1976; Pickel et al., 1976; Grzanna et al., 1977; Van Orden et al., 1977) . However, NE-containing cells do not contain E or the enzyme PNMT. This feature has been used to identify the NEand E-containing cells of the adrenal medulla by immunohistochemical techniques employing antibodies to the biosynthesizing enzymes TH, DBH, and PNMT. In the older embryo of the chick, TH immunoreactivity (IR) is observed in all adrenal medullary cells, whereas PNMT IR of the chicken is present in about 60% of them (Sánchez-Montesinos et al., 1996) . The proportion of PNMT-IR cells varied in clusters of medullary cells of chicken (Ohmori et al., 1997; Ohmori, 1998) .
In the chicken, the percentage of E-containing cells has been reported variously as 20% (Ghosh, 1980) , 47% (Rome and Bell, 1984) , and 70% (Ohmori et al., 1997) , whereas the rest of cells have been NE-containing. There is a considerable difference in the relative proportions of E and NE cells within the adrenal gland of the chicken and this will require further study. The ratio of E and NE cells varies extremely among the avian species as well. For example, Phalacrocorax has 100% NE cells, whereas many passerine birds contain 95% E cells. The NE and E cell percentages in pigeon (57 and 43), parakeet (37 and 63), wood pecker (64 and 36), and owl (49 and 51) have been reported previously (Ghosh, 1980) . Therefore, it is important to identify NE and E cells as well as their distribution in the adrenal gland of the domestic fowl. However, no study has examined the cellular localization of the 3 catecholamine-synthesizing enzymes, TH, DBH, and PNMT, in the adrenal medulla of chickens. Therefore, the present study was undertaken to demonstrate the cellular localization of TH, DBH, and PNMT and to identify and determine NE and E cells in the adrenal medulla of adult chickens. Furthermore, differences in the relative proportions of E and NE cells among the 3 zones in the adrenal glands of the domestic fowl were also compared.
MATERIALS AND METHODS

Collection of Birds
Three approximately 5-mo-old male and female healthy White Leghorn chickens (Gallus domesticus) weighing 2.0 to 3.0 kg were used to conduct the present study. The chickens were obtained from the Tochigi Prefectural Livestock Experiment Station, Tochigi, Japan. The birds were randomly assigned in litter-floored pens and reared in an environmentally controlled room at standard conditions of temperature and light. The birds were all fed a commercial diet and water was provided ad libitum during the preexperimental period. All chickens were cared for according to guidelines suggested in the care and use of laboratory animals at Utsunomiya University.
Tissue Processing
All of the chickens were killed by an overdose of pentobarbital sodium (30 mg/kg of BW; Dainippon Pharmaceutical, Osaka, Japan). The birds were perfused transcardially with Ringer's solution and zamboni's solution. After perfusion, the adrenal glands were removed and postfixed overnight at 4°C. Subsequently, tissue blocks were prepared and processed conventionally for paraffin wax embedment. Serial sections were cut at a thickness of 5 μm in a coronal plane using a microtome (Sakura sledge microtome IVS-400, Sakura Seiki, Tokyo, Japan) and mounted on glass slides.
Immunohistochemical Staining
The peroxidase-antiperoxidase immunohistochemical method (Sternberger, 1979 ) was used to demonstrate the cellular localization of 3 catecholamine-synthesizing enzymes. In brief, the tissue sections were deparaffinized using xylene and then autoclaved at 121°C for 20 min in citrate buffer (pH 6.0) to retrieve antigenicity (Shi et al., 1993) . Then, sections were treated with 3% H 2 O 2 in methanol for 30 min at room temperature to block the endogenous peroxidase activity and rinsed for 15 min in 0.01 M PBS at pH 7.4. Background antibody binding was prevented by incubating in 2% normal goat serum and 2% bovine albumin. Then, the sections were incubated at 4°C for 24 h in the rabbit anti-bovine TH, DBH, or PNMT polyclonal antibodies (LS-C 232, Dz1020, and Pz 1040, Biomol International Inc., Plymouth Meeting, PA) diluted to 1:500 to 1:1,000 with PBS pH 7.4 containing 2% normal goat serum and 2% bovine albumin. Subsequently, the sections were rinsed 3 times in PBS for 15 min. The sections were incubated with goat-anti-rabbit IgG (ICN Pharmaceuticals Inc., Aurora, OH) diluted 1:500 in PBS for 20 min. Then the sections were incubated in rabbit ABC complex (ICN Pharmaceuticals Inc.) diluted 1:500 in PBS for 20 min. The immunoreactions on the sections were visualized by incubation in 0.05 M Tris-HCl buffer containing 0.02% 3, 3′-diaminobenzidine tetrahydrochloride (Dojin Laboratories, Kumamoto, Japan), 0.3% ammonium nickel (II) sulfate hexahydrate, and 0.015% H 2 O 2 for 10 min. Last, all sections were dehydrated by ascending concentrations of alcohol and mounted. Some sections were incubated without primary antibody as negative controls. We did not find any expression in the control sections. All dilutions were made using PBS, and, in all cases, incubation took place in a moist chamber. Finally, the sections were examined and photographed using a photomicroscope (Olympus BX51 light microscope with an attached Olympus digital camera DP12, Tokyo Japan).
Quantities Analysis
Three consecutive paraffin sections were immunostained with antisera to TH, DBH, and PNMT, respectively. Sections were selected randomly. To determine the relative proportions of E and NE cells in the medullary cells, antisera against TH and PNMT were used as markers for catecholamine-and E-synthesizing cells, re-spectively. Both TH-and PNMT-immunoreactive cells were regarded as E cells, whereas TH-immunoreactive and PNMT-immunonegative cells were regarded as NE cells. Medullary cells were counted under a light microscope at 400× magnification. Forty medullary cells per each of 150 areas were divided into either E or NE cells in the 3 chickens. Medullary cells were counted superlatively in 50 areas from 3 regions: the subcapsular layer, peripheral zone, and central zone.
Statistical Analysis
Values were expressed as the mean percentage ± SE. Two-way-ANOVA (chicken × region) and Tukey's test (Yoshida, 1998) were used to determine the significant difference between the populations of medullary cells in the subcapsular, peripheral, and central zones. All error bars were expressed as the SEM, and differences were considered significant if P < 0.01.
RESULTS
General Adrenal Gland Structure
In brief, the adrenal glands of chickens, like those in mammals, are paired brown-yellowish flattened-shaped glands lying next to the kidneys that are associated with the gonad and weigh 55 to 70 mg. The adrenal glands are encapsulated organs located medially and dorsally against the cephalic pole of the kidney and immediately posterior to the lungs. Cortical and medullary tissues were intermingled with each other throughout the gland. Cortical tissues are arranged in columnar-type cells containing a small, round, and eccentric nucleus. The cortex is composed of several cords that are wider than those of the medullary tissue. In contrast, the medullary tissues are polygonal in shape, with a large, round, centrally placed nucleus.
Immunohistochemical Observations
When the adrenal glands were incubated with an antibody to TH, specific reactivity was observed in the adrenal medullary gland cells. Staining was limited to the cytoplasm. Isolated TH-positive medullary cells were observed, whereas some cells tended to produce a large cluster. Tyrosine hydroxylase IR was observed in all adrenal medullary cells of the chicken ( Figure 1A) . A significant number of medullary cells showed strong TH IR, and they were distributed more numerously in the subcapsular, peripheral, and central zone of the adrenal gland. Cortical cells of the adrenal gland did not show TH IR, whereas ganglion cells close to the adrenal gland showed TH IR ( Figure 2A) .
As soon as the adrenal glands were incubated with antibody to DBH, specific reaction was observed in the adrenal medullary gland cells. Dopamine β-hydroxylase IR was found in almost all adrenal medullary cells of the chicken ( Figure 1B) . The distribution of DBH IR coincided with that of TH ( Figure 1B) . A significant number of medullary cells showed strong DBH IR and they were distributed more numerously in the subcapsular, peripheral, and central zone of the adrenal gland. Even though cortical cells of the adrenal gland did not show DBH IR, the ganglion cells showed DBH IR (Figure 2A) .
When the adrenal glands were incubated with antibody to PNMT, specific reaction was observed in the adrenal medullary gland cells. Medullary cells showed PNMT IR and they were distributed more numerously in the subcapsular, peripheral, and central zone of the adrenal gland. Although some medullary cells exhibited PNMT IR, some were PNMT-immunonegative ( Figure  1C ). Staining was not strictly limited to the cytoplasm for the PNMT, which also causes a faint stain of the nuclei. Cortical cells of the adrenal did not show PNMT IR, but the ganglion cells showed PNMT IR ( Figure  2C ). The proportion of PNMT-IR cells varied in clusters of medullary cells, with some cluster consisting predominantly of PNMT-IR cells and others predominantly of PNMT-immunonegative cells. In the former, PNMT-IR cells existed alone or in groups of a few cells. Strongly TH-IR cells did not always correspond to either PNMT-IR or PNMT-immunonegative cells.
All of the TH, DBH, and PNMT cell clusters were seen as islets, isolated islets, some of them larger, irregular islets, islets with little anastomosis, and some of them elongated ( Figure 1A , B, and C).
The percentage of PNMT-immunoreactive cells to TH-immunoreactive cells in the subcapsular, peripheral, and central zone was 66.4 ± 0.15, 68.2 ± 0.88 and 72.6 ± 0.26%, respectively. The percentage of PNMTimmunonegative cells was 33.6 ± 0.15, 31.8 ± 0.88, and 27.4 ± 0.26%, respectively (Figure 3) . Figure 1D and E showed the E and NE cells. The percentage of E and NE cells showed variation in the 3 different regions of the chicken adrenal gland. The population of E and NE cells in the subcapsular versus the central zone and the peripheral versus the central zone was statistically significant (P < 0.01, Table 1); however, the subcapsular versus the peripheral zone was not statistically significant. However, in the whole adrenal gland, the percentage of PNMT-immunoreactive cells to TH-immunoreactive cells was 69 ± 0.21 and that of PNMTimmunonegative to TH-immunoreactive cells was 31 ± 0.21% (Figure 4 ).
DISCUSSION
In this study, we describe the cellular localization of the catecholamine-synthesizing enzymes, TH, DBH, and PNMT, and identify NE and E cells in the adrenal medulla of adult chickens. In addition, differences in the relative proportions of E and NE cells among the 3 zones in the adrenal glands of the domestic fowl were also compared. Our data are consistent with previous studies of the cellular localization of the catecholamine biosynthetic enzymes (Coupland et al., 1977 ; Ghosh, 1977; Nagatsu et al., 1979; Verhofstad et al., 1979; Rome and Bell, 1984; Mahata et al., 1988; Tomlinson and Coupland, 1990; Guha et al., 1992; Oomori et al., 1994; Ohmori et al., 1997) .
hydroxylase (TH, A), dopamine β-hydroxylase (DBH, B), and phenylethanolamine N-methyltransferase (PNMT, C). Tyrosine hydroxylase immunoreactivity (IR) is found in all or almost all adrenal medullary cells, and a considerable number of medullary cells show strong TH IR (A). Dopamine β-hydroxylase IR is found in most adrenal medullary cells, which coincided with that of TH (B). Phenylethanolamine N-methyltransferase IR is found in medullary cells
The intermingling nature of cortical and medullary components constitutes a major characteristic of the avian adrenal medulla. We confirmed that medullary cells with TH IR are intermingled with cortical cells in the chicken adrenal gland. Tyrosine hydroxylase, which is the rate-limiting enzyme in the conversion of tyrosine to dihydroxyphenylalanine, was localized in the adrenal medullary cells. In the present study, TH IR was observed in almost all adrenal medullary cells and TH was localized in the NE-and E-containing cells of the chicken. This result corresponds with that of Ohmori et al. (1997) and indicates that TH IR is detected in all medullary cells of the chicken. In this study, it was identified that staining was limited to the cytoplasm of medullary cells for TH. This result is similar to that of Nagatsu et al. (1979) , who showed that TH staining was evenly distributed in their cytoplasm in medullary cells of the bullfrog adrenals. Dopamine β-hydroxylase, which catalyzes the conversion of dopamine to NE, was localized in the adrenal medullary cells. Dopamine β-hydroxylase IR was observed in almost all adrenal medullary cells of the chicken. The distribution of DBH IR coincided with that of TH IR. The localization pattern of DBH in the chickens is in agreement with previous observations (Nagatsu et al., 1979) , which suggested that, in the bullfrog adrenals, the distribution of DBH-positive reaction product coincided with that of TH. Dopaminecontaining cells (TH-positive, DBH-and PNMTnegative) were not identified and may be difficult to discover under the present technical conditions because they seem to be scarce. It may be pointed out that the evidence for the existence of such cells provided by others was based upon the use of semithin (0.5 to 0.75 μm) and ultrathin sections (Coupland et al., 1977) in mammals, whereas our sections were 5 μm in thickness. It also may be pointed out that a dopamine-containing cell has not been identified in adrenal medullary cells of any avian species as far as we know.
Phenylethanolamine N-methyltransferase, which catalyzes the conversion of NE to E, was localized in the adrenal medullary cells. In the present study, many medullary cells exhibited PNMT IR, although some cells were PNMT-immunonegative. Using an antibody to PNMT, chicken adrenal medullary cells were divided into 2 types: PNMT-immunoreactive E cells (presumably the E-containing cells) and PNMT-immunonegative NE cells (presumably the NE-containing cells). The TH-immunoreactive and PNMT-immunoreactive cells were regarded as E cells, and TH-immunoreactive but PNMT-immunonegative cells were regarded as NE cells. Studies show that the enzyme, PNMT, was localized in the E cells only. The present results correspond with that of Ohmori et al. (1997) , which suggested that adrenal medulla cells in the chicken contain many PNMT-IR and some PNMT-immunonegative cells. In contrast to chickens using antibody to PNMT, chicken adrenal medullary cells were divided into 2 types: one type showing PNMT-positive (presumably the E cells) and the other type showing PNMT-negative (presumably the NE cells) cells. Such cytoenzymologic classification could not be obtained in the adrenal medulla of the 4 avian species such as pigeon, house crow, owl, and woodpecker (Guha et al., 1992) . It may be significant to note that they were unable to identify E-and NE-synthesizing cells. The present observations showed that staining was not strictly limited to the cytoplasm for PNMT, which also causes a faint stain of the nuclei. These observations were consistent with the descriptions of medullary cells in adult rat adrenal medulla (Verhofstad et al., 1979) , whereas the staining was not strictly limited to the cytoplasm for the PNMT, which also causes a faint staining of the nuclear area.
The adrenal medulla contains a few sympathetic ganglion cells (Tomlinson and Coupland, 1990) . In our study, the ganglion cells close to the adrenal gland showed TH, DBH, and PNMT immunoreactivities. This result is similar to that of Oomori et al. (1994) , who showed that TH and DBH IR was detected in ganglion cells of the rat adrenal gland, whereas PNMT IR was not found. Our findings suggest that the appearance of adrenal ganglion cells containing NE and E appears to be present. The few ganglion cells that lacked detectable IR for TH, DBH, and PNMT may be noncatecholaminergic neurons. There is a similarity between ganglion cells and medullary cells in the adrenal gland. It is generally accepted that adrenal medullary cells are derived from the neural crest and are homologous with the sympathetic postganglionic neurons in ontogeny. Adrenomedullary cells and sympathetic ganglion cells, like celiac ganglion cells, thus may be regarded as twin elements that develop from the sympathetic stem cells.
The relative proportions of E and NE cells in the avian adrenal medulla vary extremely among the avian species. In the cormorant (Phalacrocorax niger), egret (Egretta garzetta), and cattle egret (Bubulcus ibis), 100 or 95% of adrenal medullary cells contain NE (Ghosh, 1977) . On the other hand, 95% of the medullary cells in many passerine birds contain E (Ghosh, 1977) . The E cells account for 20% (Ghosh, 1977) of the total medullary cells in the chicken. However, in our study, approximately 69% of total medullary cells were assumed to contain E and 31% contained NE cells. Approximately 70% of medullary cells contain E and 30% contain NE in the chicken adrenal gland (Ohmori et al., 1997) and these results are consistent with our study. On the other hand, other studies indicate that the proportion of E in the chicken adrenal gland is 47% (Rome and Bell, 1984) of the total catecholamines. There is a difference between the relative number of E and NE cells in the present study and the relative concentration of E and NE. According to Mahata et al. (1988) , NE and E contents may vary not only between birds of different phylogenetic groups but also with the age of birds of the same species. The reason for such a difference may be age, habitat, stress, breeding season, and the breed of birds. The finding of varying proportions of E and NE cells suggests that the birds with a more primitive ancestry contain more NE cells, whereas the more recently evolved birds possess more E cells in the adrenal medulla. This profound variation of medullary E:NE ratio in birds suggests a distinct evolutionary pattern (Ghosh, 1977 (Ghosh, , 1980 . Although the reasons for such a difference remain to be investigated, it may be related to mode of function. For example, we know these 2 independent types of cells are responsible for the secretion of 2 adrenal medullary hormones. Epinephrine is a hormone secreted by E cells that helps the body to adjust with sudden stress. When a bird becomes angry or frightened, the adrenal glands release E into the blood and the hormone causes changes in the body to make it more efficient for "fight or flight." Epinephrine increases the strength and rate of the heart beat and raises the blood pressure. As it speeds up the conversion of glycogen into glucose, it provides energy to the muscles. Consequently, there is a distinct difference in the relative proportion of E and NE cells.
In this study, we reported, for the first time, the relative proportions of E and NE present in the 3 different zones of the chicken adrenal gland. There was a variation in the relative proportion of E and NE cells within the subcapsular, peripheral, and central zone of the adrenal gland of the chicken. The mean percentage of E cells in the subcapsular, peripheral, and central zone was approximately 66, 68, and 72%, respectively, and the NE cells was about 34, 32, and 28%, respectively. The highest number of E cells and the lowest number of NE cells were found in the central zone of the adrenal gland. Moreover, the mean percentage of E and NE was lower in the subcapsular layer than the peripheral zone, and there was no significant difference between the 2 zones. The mean percentage of E and NE was higher in the central zone than the peripheral zone and there was a significant difference between the 2 zones (P < 0.01). In addition, the ratio of E and NE cells in the subcapsular versus central zone was statistically significant (P < 0.01). Further studies are needed to clarify the reason for such a difference.
In summary, our results demonstrated the cellular localization of catecholamine-biosynthesizing enzymes in the chicken adrenal medulla, which contains 2 cell types, one synthesizing NE and the other synthesizing E. Most of the medullary cells were E-containing cells. The close correlation between the relative tissue proportions of NE and E cells and the relative proportions of cells that are enzymatically NE or E indicates that all adrenal medullary cells in the chicken store and release one of the catecholamines rather than a mixture of NE and E. Furthermore, we observed variation in the relative proportions of E and NE cells among the 3 zones in the adrenal glands of the domestic fowl. Moreover, the ratio of E cells to NE cells varies extremely among the avian species. These findings contribute to the understanding of the immunohistochemical features of the avian adrenal gland.
